Introduction
The need for fast, reliable and economic cell expansion is a priority issue for tissue engineering of cartilage. Vast numbers of cells are frequently needed, as the initial cell density can have a dramatic influence on the final outcome (Mauck et al., 2003; Eyrich et al., 2007) . Conventional cell expansion techniques, such as monolayer cell culture, can cause chondrocytes to dedifferentiate into a fibroblastlike cell type, making the balance between cell expansion and phenotype integrity a delicate issue (Holtzer et al., 1960; von der Mark et al., 1977) . One approach that enables chondrocyte expansion and improves redifferentiation potential is microcarrier-based cell culture (Frondoza et al., 1996; Malda et al., 2003a; Malda et al., 2003b) . Microcarrier-based cell culture was first developed as a means to increase the surface area for anchorage-dependent cells, but has since developed into a unique field with a wide variety of microcarriers for cell culture and tissue engineering available (van Wezel, 1967; Kong et al., 1999; Malda and Frondoza, 2006) . The choice of microcarrier can have significant effects on the outcome as biomaterial porosity, surface chemistry and surface topography can affect cell adhesion, morphology, phenotype and proliferation (Boyan et al., 1996; Chung et al., 2008; Costa Martinez et al., 2008; Curtis and Wilkinson, 1997; Kong et al., 1999; Lee et al., 1994; Wu et al., 2008) . A porous structure enhances the available culture surface area further and interconnected pores enable cell migration as well as cell-cell signalling throughout the scaffold (Chung et al., 2008; Nilsson, 1988) .
Macroporous CultiSpher gelatine microcarriers support cell adhesion and growth of several human and animal cell types (Fernandes et al., 2007; Huss et al., 2007; Liu et al., 2004; Malda et al., 2003a; Melero-Martin et al., 2006; Ohlson et al., 1994; Werner et al., 2000) . Previous findings have shown that scale-up of chondroprogenitor cells can be achieved by adding empty microcarriers and gradually increasing the culture volume in the spinner flasks (Melero-Martin et al., 2006) . This beadto-bead transfer had previously been reported for Chinese hamster ovary cells with the same type of microcarrier (Ohlson et al., 1994) . Furthermore, in a recent study, investigators have cryo-preserved cell-seeded microcarriers (Lippens and Cornelissen, 2010) . Combined, these features enable cells to be expanded, preserved, transported and transplanted in an anchored state without exposure to trypsin, making this type of microcarrier suitable as biodegradable scaffolds for tissue regeneration. We have previously proposed the use of gelatine microcarriers in combination with platelet rich plasma as a delivery system for tissue engineering of cartilage using both human dermal fibroblasts, subjected to chondrogenic induction media, and human articular chondrocytes (Sommar et al., 2009; . Other investigators have also used this type of microcarrier in combination with human chondrocytes (Malda et al., 2003a; Pettersson et al., 2009; Huss et al., 2007; Schrobback et al., 2011) .
There is however limited knowledge regarding the optimal choice of microcarrier for chondrocyte expansion.
This study is focused on studying the role of microcarrier selection for chondrocyte expansion.
The four microcarrier variants investigated vary with respect to two manufacturing procedures -the amount of emulsifier used during the initial stages of preparation and the chemical environment in which gelatine cross-linking takes place (Nilsson, 2008) . The amount of emulsifier can be adjusted as a means to control the average pore size of the macroporous structures. For the currently investigated microcarriers a nonionic emulsifier and surfactant, Tween 80, is used during production (Nilsson, 2008) . By increasing the amount of surfactant during the initial steps, the resulting microcarriers (GLand GLS-type) obtain a larger average pore size compared to the microcarriers produced with a relatively lower emulsifier concentration (G-and S-type) . The gelatine in these microcarriers is subsequently cross-linked using hexamethylene diisocyanate, a non-zero length cross-linking agent that breaks down rapidly in water, forming hexamethylene diamine. Cross-linking is accomplished through the reaction of free amine groups of lysine and hydroxylysine, or free carboxylic acid residues of glutamic and aspartic acid of the protein molecule (Kuijpers et al., 2000) . For the two types of cross-linking described here, the cross-linking procedure involves the addition of hexamethylene diisocyanate and triethylamine to the gelatine mixed either in water alone (S-type) or in a mixture of water and acetone (G-type) (Nilsson, 2008) . The former method results in microcarriers with a higher thermal and mechanical stability, that releases less material into the cell culture medium than the Gtype counterparts (Kong et al., 1999) .
The aim of this study is to evaluate cell expansion of human articular chondrocytes on four different macroporous gelatine microcarriers and investigate possible influences on the final cell yield.
Materials and methods
Unless otherwise indicated, all chemicals were obtained from Gibco-Invitrogen (Carlsbad, CA). All cell cultures were maintained at 37C, 5.0% CO 2 and 95% humidity.
Microcarriers
Macroporous CultiSpher gelatine microcarriers were kindly supplied by Percell Biolytica AB (Åstorp, Sweden) and prepared according to the manufacturer's recommendations. Four different variants were used -CultiSpher G (CS-G), CultiSpher S (CS-S), CultiSpher GL (CS-GL) and CultiSpher GLS (CS-GLS). General specifications of these microcarriers, as specified by the manufacturer, are listed in table 1. In short, 0.1 g (dry weight) of microcarriers were rehydrated in 5 mL Ca 2+ -and Mg 2+ -free phosphate buffered saline (PBS) (pH 7.4, Medicago AB, Uppsala, Sweden) for a minimum of one hour and sterilized by autoclaving (121°C, 20 min, 80°C cooling temperature, 2.8 bar). Sterilized microcarriers were washed in PBS and cell culture medium, and stored at 4C in cell culture medium until further use. Each type of microcarrier was prewarmed to 37C in individual 250 mL spinner flasks (Techne, Staffordshire, U.K.) prior to cell seeding.
Microcarrier characterization
Scanning electron microscopy (SEM) and light microscopy were used to study microcarrier features.
For SEM, dehydrated microcarriers were attached to a stub and sputtered with a 15-µm layer of platinum prior to microscopy. SEM images were retrieved at a 45° angle with a JSM-840 microscope (Jeol Ltd., Tokyo, Japan). For light microscopy, hydrated, sterilized and washed microcarriers were placed under a cover slip and immediately examined with a BX41 microscope (Olympus Optical Co., Tokyo, Japan).
Cell culture
The cell culture medium used for all chondrocyte cell culture, was Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% heat inactivated (45 min at 57C) newborn calf serum (NCS), 10 mM HEPES (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 0.1 mM MEM nonessential amino acids, 0.4 mM L-proline (Sigma-Aldrich), 50 g/mL L-ascorbic acid (Sigma-Aldrich), 50 U/mL penicillin and 50 µg/mL streptomycin. Human articular chondrocytes were isolated from three different donors ( Cells were frozen at -70°C and transferred to liquid nitrogen tanks. Once thawed, cells were immediately washed in cell culture medium before plating in polystyrene culture flasks.
Cell counting
Cell counts were established using a Guava PCA cytometer and the CytoSoft 2.1 ViaCount Assay software application (Guava Technologies, Hayward, CA). According to the manufacturer's recommendation, all samples were stained with Guava ViaCount Reagent for a minimum of 5 min, to allow the fluorescent dyes to bind to the cells. Cell solutions were thoroughly mixed prior to dilutions and assays. Information on the number of dilutions per sample, dilution factors and number of events acquired for each application can be found below.
Cell seeding on microcarriers
Chondrocytes were detached as described above, washed to remove trypsin residues, and resuspended in cell culture medium. Triplicate samples were removed for cell counting, where double dilutions min at 30 rpm, 55 min rest) for the initial 24-hour period, after which time the medium volume was adjusted to 100 mL and stirring set to continuous mode (30 rpm). Chondrocyte passage number and viable cell count at microcarrier seeding for the different donors can be found in table 2.
Microcarrier sampling and cell counting
Microcarriers were allowed to settle for 15 min before 50 mL medium was removed and discarded from each spinner flask. A total of five 0.5 mL samples of well-distributed microcarrier solution were drawn from each flask. In addition, a 0.4 mL sample was taken from each flask for viability assay (see below). After sampling, fresh cell culture medium (50 mL) was added to the culture flasks and flasks returned to the incubator. After sedimentation of the sample microcarriers, the supernatant was discarded and the microcarriers were incubated with trypsin (0.125%)/EDTA (0.01%). Samples were left in room temperature, with occasional micropipette mixing, for approximately 20-40 min until the microcarriers had dissolved. Each sample was diluted (1:5) and counted once (500-1000 events acquired, or until instrument time out after 2 min).
MTT viability assay
Cell viability on the gelatine microcarriers was visualized with a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. For each group, a 0.4 mL sample of evenly distributed microcarrier suspension was incubated with 0.5 mg/mL MTT (Sigma-Aldrich) for 45 min at 37C.
Staining was evaluated immediately using an IX51 inverted light microscope and images retrieved with a DP70 CCD camera and DP Controller software (version 1.1.1.65, Olympus Optical Co., Tokyo, Japan).
Histological and immunohistochemical staining
After the last sampling, remaining microcarriers (n=2 donors) were collected from the spinner flasks, washed in PBS and fixed in 4% neutral buffered formaldehyde for approximately 12 hours. The washed and dehydrated microcarriers were embedded in Histowax (Histolab products AB, Göteborg, Sweden) after which six-µm thick sections were generated with a microtome (Leica Microsystems GmbH, Wetzlar, Germany), and mounted on Superfrost Plus slides (Menzel GmbH, Braunschweig, Germany). All sections were deparaffinized and rehydrated in an ethanol series prior to staining. For histology, sections were incubated in 1% Alcian Blue (w/v in 0.1 M HCl) for 30 min at room temperature, rinsed with water and acetic acid (0.1%) and counterstained with nuclear red for 5 min.
For indirect immunohistochemistry, sections were treated with 0.25% ammonia (NH 3 ) in 70% ethanol for 1 hour during dehydration (Baschong et al., 2001) , and incubated 1 hour in 0.1 M glycine in PBS to quench autofluorescence. For SOX-9 and S-100, heat mediated antigen retrieval in 10 mM Tris/1 mM EDTA buffer (pH 9) was performed at 95°C for 20 min. Non-specific binding was blocked with 5% bovine serum albumin (BSA, Sigma) for 1 hour prior to incubation with rabbit polyclonal antibody against SOX-9 (1:100, Abcam plc, Cambridge, UK) or rabbit antibody against S-100 (1:400, Dako A/S, Glostrup, Denmark) overnight at 4°C. For aggrecan, antigen retrieval was performed with 0.1 U/mL Chondroitinase ABC (Sigma-Aldrich) in 50 mM Tris-HCl buffer containing 60 mM sodium acetate (Merck) at pH 8 for 45 min at 37C. Non-specific binding was blocked with 5% BSA prior to incubation with a mouse monoclonal anti-aggrecan antibody diluted in PBS (clone 6-B-4, 1:50, Abcam) overnight at 4°C. Negative controls were incubated in PBS only. Sections were washed rigorously and subsequently incubated with the corresponding Alexa Fluor 488 antibody (1:500, Molecular Probes, Invitrogen) for one hour at room temperature, and mounted with ProLong Gold antifade reagent containing DAPI (Molecular Probes). Sections were examined with an Olympus BX41 microscope, using ultraviolet, blue and green filters (MWU2, MWIB2 and MWIG2, Olympus).
A high-resolution digital Olympus DP70 CCD camera was used to acquire images.
Image processing
All image adjustments were made for the sole purpose of enhancing printing clarity, using Photoshop CS3 (Adobe Systems Inc., San Jose, CA). For montages of stained sections, identical adjustments were made for all equivalent images.
Data processing and statistical analysis
For graphs, the cell count x (cells/mL) was normalized to cell density per 0.1 g (dry weight) gelatine microcarrier, the original amount of microcarriers in the spinner flask. The graphs in figures 3 and 4a, including means, standard errors and standard deviations, were prepared with GraphPad Prism (v5.0a, GraphPad Software Inc., La Jolla, CA). Analysis of variance (ANOVA) was performed using all cell count data to compare microcarrier groups at each time point with one fixed factor (microcarrier) and one random factor (donor). Piecewise linear regression was performed using all cell count data with a break point at day 7 and ANOVA of the regression line slopes and levels was performed with one fixed factor (microcarrier) and one random factor (donor) to analyze differences between the microcarriers, or with two fixed factors (cross-linking environment and emulsifier concentration) and one random factor (donor) to analyze differences with regards to the microcarrier properties.
Differences in the slopes of regression lines before and after the break point were analyzed.
Differences in the levels of regression lines were analyzed in the middle of each interval (day 4 and day 12 respectively) as well as at the end of the culture period (day 15). Tukey simultaneous tests for pairwise comparisons were conducted when significant differences were found. ANOVA, piecewise linear regression and Tukey analysis were performed using Minitab (Minitab Inc., State College, PA).
Results

3.1.
Microcarrier structure SEM revealed differences in microcarrier macrostructure between the four groups (figure 1a). The data from table 1 allows for differences in microcarrier diameters, yet the CS-GLS microcarrier directly distinguished itself with a non-spherical form (figure 1a, bottom right). In general, CS-S and CS-GLS microcarriers displayed less spherically shaped and more elongated pores (figure 1a, right column), compared to CS-G and CS-GL (figure 1a, left column). We found differences in pore diameters and overall porosity on individual microcarrier surfaces, where certain regions contained more ore less closed-off pores. This was observed in all microcarrier groups (data not shown). A closer look at the matrices revealed presence of wrinkles, micropores (with diameters <10 µm) and craters on the surfaces of all microcarrier types (figure 1b). After rehydration and sterilization the gelatine matrices swell (figure 1c). The porous features of the hydrated microcarriers were more difficult to discern with light microscopy, yet pores in the reported range are visible, with CS-GL and CS-GLS (figure 1c, bottom row) displaying larger pore diameters than their CS-G and CS-S counterparts (figure 1c, top row). Several heterogeneously sized pores were visible in the gelatine at higher magnification images (figure 1d). 
Viability and sampling
Viable cells, as indicated by the MTT viability assay, were found on all four microcarrier types at each sampling (full data not shown). After 24 hours viable cells could be found in all groups, but not on each individual microcarrier ( figure 2a ). An increased amount of viable chondrocytes was found after 5 days and by this time microcarrier aggregates had begun to form (figure 2b). As chondrocyte density increased further, several large aggregates with cell-cell interactions forming cellular bridges between the microcarriers were found for all microcarrier groups (figure 2c-d). At the final time point individual chondrocytes were hard to distinguish due to a high chondrocyte density (figure 2d). Light
Microcarrier impact on chondrocyte expansion to medium pipetting was needed to ensure homogenous microcarrier dispersions in the spinner flasks prior to sampling. The amount of time required to fully dissolve the microcarriers approached or exceeded 30 min, and increased with the microcarrier cell densities. For the acquired samples, vigorous micro-pipetting was required to ensure a homogenous cell solution for cell count procedures once the microcarriers were dissolved. 
Chondrocyte density
The total cell densities and corresponding regression lines, both normalized to 0.1 g dry weight gelatine mass, are presented for each unique data set in figure 3 . Coefficients of determination (R A two-way ANOVA was performed for each time-point to investigate whether cell count means differed between microcarriers and/or donors. After 24 hours, we found no significant differences, indicating that initial cell adhesion to the matrices was independent on chondrocyte donor and did not differ between microcarriers. However a main effect of donor was found for the following three sampling times (F(2,48)≥8.54, p≤0.018), indicating diverse proliferation patterns depending on chondrocyte source once the cells had attached. From day 9 and forward, this simple donor effect was no longer present (F(2,48)≤2.04, p≥0.05). At the two last time-points, we found a main effect for microcarrier (F(3,48)≥7.37, p≤0.019), signifying that a significant difference in cell densities on the different scaffolds had emerged at the end of the culture period. Figure 4 . Cell density data for the expansion phase (a) using data from all donors (mean±SD, n=35 for each data point). Corresponding piecewise linear regression curves (b) with a breaking point at day 7, indicated by a dashed line. ANOVA analysis for regression line levels was performed at day 4, day 12 and day 15, marked by dotted lines. Asterisks mark time points at which significant differences between microcarriers were found.
We further analyzed the differences between microcarriers using Tukey's pairwise comparison (table 3) . At day 12, we found that the cell count for the CS-G microcarrier was significantly higher than all others, whereas there was no significant difference between the remaining groups. At the final time point, the chondrocyte density for the CS-G microcarrier was found to be significantly higher than the CS-GLS microcarrier.
Piecewise linear regression with a break point at day 7 was also conducted for each data set in order to facilitate comparison of chondrocyte growth on the microcarriers (figure 3 for individual regression lines and figure 4b for the merged data). A two-way ANOVA was conducted to investigate possible differences in the slope of the regression lines, corresponding to chondrocyte growth, before and after the breakpoint, as well as for how much the slope changed. We found decreases in regression line slopes for the merged data for all groups (figure 4b), however chondrocyte growth was not slowed for all donors and microcarriers (figure 3). The largest drop was seen for CS-GLS microcarrier, however the difference was not significant. In fact, the only main effect we found for regression line slopes was for donor, implicating that the chondrocyte source was the only factor that affected cell proliferation rate including by how much cell proliferation slowed during the second week (F(2,6)≥5.65, p≤0.042).
In addition, regression line levels, corresponding to chondrocyte density, were investigated in the middle of the first and second interval and at the final time point (figure 4b). In the middle of the first interval, corresponding to day 4, we found a main effect of donor (F(2,6)=10.88, p=0.010), however chondrocyte densities were not significantly different between microcarrier groups. In the middle of the second interval, corresponding to day 12 (figure 4b), and onward, this donor effect was no longer present. Instead, we found a main effect of microcarrier type (F(3,6)=11.55, p=0.007). This was also true for the following time point at day 15 (F(3,6)=8.96, p=0.012). These results indicate that chondrocyte density levels in the later stages of the culture period differed significantly between microcarrier groups. For these two time points, we also found main effects of the manufacturing procedures used to distinguish the microcarriers, i.e. emulsifier amount (F(1,6)≥8.37, p≤0.028) and cross-linking environment (F(1,6)≥17.26, p≤0.006), implying that chondrocyte levels differed significantly between microcarriers depending on their treatment during production. Tukey post-hoc tests for the regression line levels (table 4) at day 12 and day 15 revealed that the level for CS-G was significantly higher than for both the CS-S and CS-GLS microcarriers at this stage.
The differences in final cell yield between the groups followed the same pattern regardless of whether the cell count data or regression line levels were analyzed, with CS-G supporting the highest cell count, followed by CS-GL, CS-S and CS-GLS respectively. From the differences of means for the cell count data (table 3), we see that the difference between the CS-G and CS-GLS microcarriers at the final time point is -161041, translating into a difference of 16.1  10 6 cells per 0.1g microcarrier over a two-week period. By using the regression line level data (table 4) , that difference is adjusted to 12.4  10 6 . The two-way ANOVA analysis of regression line levels indicated that manufacturing procedures affected the final cell yield. Using the differences of means from the regression line data (table 4) , we can determine that the combined mean of microcarriers manufactured with high emulsifier amount (CS-GL and CS-GLS) is 51533 lower than the combined mean of their counterparts (CS-G and CS-S). This translates to approximately 5.15  10 6 fewer cells (normalized to 0.1g microcarrier as previously) over the two-week period. Using figures from the cell count data analysis (table 3) , that difference is adjusted to 6.41  10 6 . Similarly, the combined mean of microcarriers cross-linked in water and acetone (CS-G and CS-GL) is 72743 higher compared to the mean of those cross-linked in water alone (CS-S and CS-GLS), translating into a difference of 7.27  10 6 cells over the culture period. Using figures from the cell count data analysis (table 3) , the difference for crosslinking environment is adjusted to 9.69  10 6 .
Histology and immunohistochemistry
Following completed cell culture, the formaldehyde-fixed microcarriers were analyzed for extracellular matrix (ECM) formation. We found that modest to no ECM formation had occurred 
Discussion
In the present study, cell expansion of human articular chondrocytes was evaluated on four types of macroporous gelatine microcarriers over a two-week culture period. The ability of this class of scaffold to support human chondrocyte growth is well known, yet to our knowledge this is the first time that a comparison between these four specific microcarriers has been conducted (Huss et al., 2007; Malda et al., 2003a; Pettersson et al., 2009; Schrobback et al., 2011) .
Light and scanning electron microscopy was used to study possible differences in scaffold structure between the four groups. The CS-GL and CS-GLS microcarriers displayed larger pore diameters on the surface than their counterpart microcarriers, corresponding well with the reported difference (table 1, figure 1) . Notably, the CS-GLS microcarrier distinguished itself with an irregular, less spherical shape. In all microcarrier groups, we found cases where regions on the beads displayed narrowed or closed pore openings. A similar pattern, with heterogeneous shapes of the external as well as internal pore structure, between individual microcarriers has been reported for the CS-G microcarrier previously (Bancel and Hu, 1996) .
As expected, human articular chondrocytes adhered to and proliferated on all microcarriers, as illustrated by positive MTT-staining (figure 2) and an increase in cell density (figure 3) with time in all groups. The cell counts did not differ significantly between the microcarriers after 24 hours, indicating that initial adhesion to the microcarriers was quantitatively independent of microcarrier characteristics and chondrocyte origin. In comparison, Chinese hamster ovary cells demonstrated faster attachment to the CS-S microcarrier compared to the CS-G and CS-GL carriers (Kong et al., 1999) . At the first time point, we also noted several empty microcarriers ( figure 2a) . Bead-to-bead differences have been reported for this type of microcarrier, motivating the question whether preferential adhesion had occurred based on these differences (Bancel and Hu, 1996) . However, chondrocytes populated all microcarriers with time ( figure 2b-d) , suggesting that the initial pattern was instead rather a result of random cell-microcarrier collisions in the spinner flasks.
The amount of time required to dissolve the microcarriers for cell counting increased with cell densities, as has been reported previously by others (Melero-Martin et al., 2006) . The ViaCount assay uses two fluorescent DNA-binding dyes with different permeability to distinguish between intact cells and cells with ruptured membranes (Ogasawara et al., 2002; Phi-Wilson et al., 2001) . With this in mind, the prolonged exposure to trypsin in combination with the vigorous pipetting required to ensure a homogenous cell solution for cell counting procedures are potentially serious confounders. The viability data from the ViaCount assay was thus not used further. Instead, the total number of cells was used. The MTT assay can be used to ensure cell distribution and viability on the microcarriers, although it may not be possible to obtain accurate quantification of the percentage of viable cells. The lack of exponential growth phase indicated that cell growth was limited under the current conditions.
Limited cell growth can be a sign of limited resources, such as inadequate oxygenation, nutrient depletion or insufficient surface availability. The formation of aggregates may have been a concern in this case. Aggregate formation has been reported in similar systems, with or without gelatine, and increases with cell densities (Melero-Martin et al., 2006) . Serum-free conditions can reduce the size and composition of chondrocyte aggregates in suspension culture, but does not inhibit aggregation altogether (Gigout et al., 2005) . Other suggested measures include a gradual increase of the agitation, but the accompanying fluid-induced shear is known to influence the metabolic expression of chondrocytes (Smith et al., 1995) . The linear increase in cell density may also be a sign of chondrocyte redifferentiation. Mature articular chondrocytes have a limited proliferation rate, but reenter the cell cycle when expanded (Diaz-Romero et al., 2005) . Three-dimensional culture matrices, fluid flow-induced shear stress and hypoxia have all been shown to stimulate redifferentiation in vitro (Benya and Shaffer, 1982; Diaz-Romero et al., 2005; Domm et al., 2002; Malda et al., 2003a; Murphy and Sambanis, 2001; Smith et al., 1995; Malda et al., 2004) . This redifferentiation may also affect the proliferation rate of the chondrocytes, as the cells cease to divide in favour of ECM production (Lien et al., 2008) . However, we found little to no evidence of matrix production in the current study ( figure   5 ).
The cell count data was analyzed using two approaches. First, cell count means were compared at each time point. Second, piecewise linear regression of each data set was performed. The latter approach enables comparisons of chondrocyte growth, corresponding to regression line slopes, and also takes results from neighbouring time points into consideration. Although the merged data for the microcarriers in figure 4 clearly displays a linear pattern, not all of the individual curves do (see for example donor 2 in figure 3c and donors 2-3 in figure 3d ). To allow for donor differences, as well as the possibility that cell growth slows down during the later stage of the experiment (figure 4), piecewise linear regression with a break point at day 7 was used. In agreement, other studies have shown that chondrocyte proliferation decelerates or that the DNA content drops after approximately 7 days of culture (Melero-Martin et al., 2006; Wu et al., 2008; Grad et al., 2003) . Proliferation rates were indeed decreased for all microcarrier groups during the second half of the culture period, suggesting a similar pattern in our study. Only chondrocyte donor was found to influence proliferation patterns significantly, suggesting that microcarrier characteristics did not influence these events during this period. We also noted a main effect of cell donor on chondrocyte densites in the initial phase of the culture period, regardless of analysis approach. These results are in agreement with a recent study, investigating human chondrocyte expansion from three adult donors on CS-G microcarriers, revealing significant variations between donors (Schrobback et al., 2011) . In the current study, chondrocyte growth was significantly different between donors, yet the donor effect on cell density levels at day 12 and onward was not significant, indicating that the donor-to-donor variability influenced the manner in which the final cell density was reached, but not the end result.
Another shared result between the two analysis approaches was the emergence of microcarrier differences in the later stages of cell culture, yet there are discrepancies in the subsequent Tukey results. For instance, at day 15, the difference between the CS-G and CS-S cell count means is not significant whereas the difference in linear regression levels between these two groups is. For the preceding comparisons (day 12 and 13 respectively), the cell count data indicate that the CS-G mean is significantly higher than CS-GL (table 3) , whereas the regression line levels of CS-G and CS-GL do not differ significantly (table 4) . The results do however show a mutual pattern regarding the final cell yields, with the CS-G microcarrier supporting the highest chondrocyte number at the final time point, followed by CS-GL, CS-S and CS-GLS respectively. In this context, the irregular shape of the CS-GLS microcarrier is noteworthy. The differences of means (tables 3-4) indicate that higher chondrocyte densities can be achieved for microcarriers manufactured with a low emulsifier amount and subsequently cross-linked in water and acetone. The fact that no differences between the microcarriers were found during the initial culture phase implicates that microcarrier-based differences in chondrocyte proliferation may become apparent and/or detectable only during the later stages of the expansion phase.
As mentioned previously, the main differences between the microcarriers result from two varying manufacturing procedures. First, the amount of emulsifier used during initial emulsion steps can be used to control the average pore diameter of the interconnected pores (Nilsson, 2008) . For the microcarriers tested in the current study, both microcarriers manufactured with high amounts of emulsifier (CS-GL and CS-GLS) demonstrated lower cell yields than their counterparts with smaller pore diameters (CS-G and CS-S), however not all differences were significant. Other authors have reported disparate results on the impact of pore diameter on cell proliferation. Porcine chondrocyte growth in chitosan sponges reached higher cell densities with increasing pore diameters, but there was no significant effect of pore diameter in rabbit chondrocyte proliferation on woven chitosanhyaluronic acid scaffolds (Griffon et al., 2006; Yamane et al., 2007) . For porous gelatine scaffolds,
Lien et al reported higher rat chondrocyte densities for scaffolds with pore diameters between 50-200 µm compared to scaffolds with pore diameters ranging between 250-500 µm, while glycosaminoglycan (GAG) production was higher in the scaffolds with larger pore diameters (Lien et al., 2008) . These diameters are however much larger than those investigated here. Interestingly, the pore diameters reported for the CultiSpher microcarriers lies in the range where the diameter of interconnections becomes critical for human osteoblast penetration in porous bioceramics (Lu et al., 1999) . In that study, the diameter also proved important for when formation of chondroid tissue or mineralized bone would occur. Importantly, other effects of surfactant concentrations on biomaterial characteristics have been reported, varying with respect to the biomaterial and manufacturing protocols (Dinarvand et al., 2005; Jones and Hench, 2003; Yoon et al., 2008) . For gelatine microspheres, an increased surfactant concentration (Tween 85) led to a diminished particle size, a transition from a wrinkled to smooth surface characteristic as well as the introduction of craters (Esposito et al., 1996) . Notably, these spheres were manufactured at substantially higher temperatures.
According to the ANOVA analysis of regression lines, the emulsifier concentration affected chondrocyte densities on the microcarriers in the later stages of our study. The current study does not
give details whether this effect is based on a chondrocyte preference for a specific pore diameter or whether it is the result of altered surface characteristics.
The other difference during manufacturing concerns the environment in which the gelatine is cross-linked. In our study, analysis of the linear regression data shows that the CS-G microcarrier, manufactured in a mixture of acetone and water, yielded a significantly higher cell density than either S-type microcarrier, manufactured in water alone (table 4) . This is in agreement with previous findings where rat chondrocytes were more abundant on collagen type II scaffolds prepared in acetic acid compared to scaffolds prepared in deionized water, regardless of whether the scaffolds were crosslinked with epoxy or carbodiimide (Tsai et al., 2002) . These findings may however be dependent on cell type, as the CS-S microcarrier supported higher cell densities of Chinese hamster ovary cells compared to CS-G and CS-GL carriers (Kong et al., 1999) . Gelatine has a high affinity for fibronectin and protein adsorption of fibronectin from the serum-containing cell culture medium enables fibronectin-mediated cell adhesion to the gelatine matrix in both cases. Tsai et al however reported that collagen scaffolds prepared in aqueous solutions had more hydrophilic surfaces than counterparts prepared in acetic acid (Tsai et al., 2002) . The different cross-linking environments may potentially have affected other scaffold properties as well, such as surface porosity, micropore size or microtopography, factors known to influence cell-surface interactions, including initial adhesion, cell morphology and proliferation (Boyan et al., 1996; Costa Martinez et al., 2008; Curtis and Wilkinson, 1997; Lee et al., 1994) . Naimark et al reported differences in mechanical and thermal behaviour of pericardial tissues following cross-linking by hexamethylene diisocyanate in different solvent environments (Naimark et al., 1995) . In addition, the methods used during gelatine cross-linking of electrospun scaffolds have been shown to affect fiber morphology (Sisson et al., 2009) . The authors speculated that the observed differences could depend on differential gelatine loss during the processes before cross-linking was completed. For the microcarriers used in this study, the same cross-linking agent was used, yet similar mechanisms may have lead to diverse gelatine loss and microcarrier characteristics during the cross-linking process. It has been reported that the CS-S microcarrier releases less gelatine into the media than the CS-G and CS-GL counterparts (Kong et al., 1999) .
Although the CS-GLS microcarrier was not part of that study, it highlights a possible underestimation of the cellular density per gelatine mass. In the current study, we report that the G-type microcarriers have a higher cell density than the S-type equivalents per dry weight gelatine mass (see table 1 for microcarrier details). If these microcarriers have indeed lost more gelatine mass during the course of culture, the cell density per dry mass gelatine is likely an underestimation of the cell density per wet gelatine mass as well as of the difference in cell density between the two types of cross-linking environments reported here.
Following the culture period, remaining chondrocytes stained positive for both SOX-9 and S-100 after the 14-day expansion period, indicating that none of the investigated microcarriers caused a complete disappearance of the chondrocyte phenotype (Aigner et al., 2003; Wehrli et al., 2003; Wolff et al., 1992; Zheng et al., 2007) . In accordance with the MTT assay results, large amounts of chondrocytes were found on the microcarrier surfaces, yet cellularity within the individual microcarriers was heterogeneous, consistent with previously reported patterns (Lim et al., 1992) . The incomplete population of the microcarriers may be attributed to previously discussed issues, such as aggregate formation, restricted access to the internal voids due to smaller openings at the surface (figure 1) or limited interconnectivity between the macropores (Borg et al., 2009; Bancel and Hu, 1996) . Sections stained for ECM molecules suggested that little or no ECM synthesis occurred during the two-week expansion phase, and we did not attempt to characterize this further. However, previous results have shown that human articular chondrocytes on gelatine microcarriers have produced an ECM rich in aggrecan, yet negative for collagen type II, after long-term culture with the currently used chondrocyte proliferation medium, highlighting the importance of cell culture conditions on chondrocyte metabolism (Blunk et al., 2002; Jakob et al., 2001; Malda et al., 2003a; Pettersson et al., 2009 ).
The current study focused on the effect of microcarrier selection on chondrocyte expansion using monolayer-expanded (P2-P3) human articular chondrocytes. It remains to be seen whether these results are generally applicable to all chondrocytes, including freshly isolated human cells (P0). The optimal result for chondrocyte expansion in tissue engineering applications may not be achieved by using one single technique, but by a combination of several techniques that momentarily guides the chondrocytes into a proliferative phase while protecting or enabling restoration of their full phenotypic capacity. Future studies are required to address the impact of microcarrier characteristics on the chondrogenic and metabolic expression of human articular chondrocytes in a three-dimensional setting.
In conclusion, all microcarriers investigated in this study supported chondrocyte adhesion and proliferation over a two-week period. Under the current conditions, the cell-yield obtained with the CS-G microcarrier was significantly higher than for both CS-S and CS-GLS. In addition, our results indicated that chondrocyte density levels were affected by the various manufacturing procedures, favouring microcarriers produced with a lower emulsifier content and cross-linked in a water and acetone solution.
